Abstract
I. Introduction
Both the net fusion power and power production efficiency of an H-mode based tokamak reactor are expected to improve strongly with increasing pressure at the top of the H-mode pedestal. For ITER to fulfil its fusion power output goals at its design density [1] , a pedestal temperature of approximately 4 keV is required, with the exact number depending on the degree of core profiles stiffness predicted by the particular turbulent transport model. As the pedestal pressure gradient is limited by MHD-stability through combined peeling-ballooning stability [2, 3, 4, 5, 6, 7] the pedestal width Δp ped determines the maximum obtainable height of the pedestal pressure, p ped . From MHD stability analysis one can infer then that ITER would require a pedestal width of 2.5% of the minor radius to reach the required T ped = 4keV [8, 9] .
A number of theoretical arguments have been made as to what might set the extent of the
ExB velocity shear turbulence suppression zone in the H-mode edge [8, 10, 11] . Width scalings based on this mechanism are typically derived from the point where the turbulence drive overcomes the velocity shear, i.e. where the linear turbulence growth rate exceeds the ExB velocity shearing rate. This leads to a width dependence on the normalised ion gyroradius (ρ * =ρ tor /a ҃ ¥T i /B T /a, where a is the minor radius in meters) ranging from Δ r/a = Δ/a ҃ ρ * 1/2 to Δ r/a ҃ ρ * depending on the assumed linear growth rate scaling (with Δ the outer mid-plane pedestal width in meters). Such a positive dependence of pedestal width on the ion gyro radius is a concern for ITER because ρ * in a large high-field tokamak like ITER will be smaller than present tokamaks; ρ . Therefore, a significant dependence on gyro-radius could adversely affect ITER performance as the pedestal width Δ r/a would be reduced compared to smaller devices [12] . Combined with the Peeling Ballooning stability theory this would lead to lower predictions of the pressure at the pedestal top in ITER.
Variation of ρ * by either a gas scan, varying the magnetic field, or changing ion isotope mass observed no or only a weak dependence of the pedestal width on gyro radius [13, 14, 8, 15, 16] . However such experiments carried out on a single device are hampered by the limited range of ρ* that can be covered without a mixing of the ρ * variation with other effects.
A high priority is to conduct multi machine ρ * similarity experiments where ρ * is varied over a wider range than is possible within a single device while other dimensionless parameters such as the normalised pedestal poloidal pressure β p,ped and pedestal collisionality ν (with c p is the plasma circumference), and ν * ҃ n e /T e 2 ). Experiments in which all the dimensionless quantities were matched at the top of the pedestal on two different tokamaks indicate that the electron temperature pedestal width scales with machine size minor radius as ΔT e /a ≈ 3% [17, 18, 19, 20] . However there can be differences in the behaviour of the density pedestal width, which plays an equally important role in setting the pedestal pressure height and gradient.
A simple model that incorporates the role of neutral particles on the pedestal structure is given by [22] . This model describes the density pedestal width Δn ped as a function of the neutral mean free path λ n-free into the plasma leading to the simple relation Δn ped ҃λ n-free ҃ 1/n ped . Experiments in support of this model have been presented in the literature, e.g. [22, 23] , whereas other reports show no variation of Δn ped with 1/n ped , e.g. [24, 25, 26, 27] .
A new theoretical model, EPED1, [28] proposes that, after the drift wave turbulence is suppressed by ExB velocity, the onset of short wavelength kinetic ballooning mode turbulence constrains the pedestal to a critical normalized pressure gradient, α C . Since α ҃ [13] . A further relation between the width and height is provided by the peeling-ballooning mode instability onset condition for the ELM.
These two constraints lead to a single operating point for the width and height in EPED1.
Inside this pedestal model the density and temperature pedestal widths are assumed to be the same and are defined as (Δn e + ΔT e )/2 = Δn e = ΔT e . EPED1 has been used successfully to predict pedestal conditions in DIII-D and other tokamaks [28, 29] . Numerous experimental studies on the relation Δ ȥ ҃ β p 1/2 have been presented in the literature, e.g. MAST, JT-60U, Alcator C-Mod, AUG [ 15, 16, 28, 30] . All observations are consistent with
Inter machine comparisons are complicated by variation in device conditions. Even when the magnetic configuration is matched between devices, conditions such as pumping efficiency or proximity of the plasma to the first wall can differ largely and can affect parameters such as the background neutral pressure and recycling rates. In addition, variations in the choice of wall material e.g. carbon composite or tungsten tiles, can affect the background impurity concentration, which subsequently can influence the edge radiation pattern or lead to changes in available plasma operational space. Both affect pedestal conditions and make identity experiments a challenging exercise. Variation in e.g.
background impurity concentration and its role on the pedestal formation and stability are important topics of research in future experiments in JET with the W/Be ITER-Like-Wall (ILW) and in light of the planned full metal W/Be wall in ITER.
The DIII-D and JET experiments presented in this paper are conducted with a carbon composite wall, whereas the AUG experiments were conducted in a full W-wall. The experience with the full W-wall in AUG has shown that the achievable plasma performance and obtainable pedestal pressure is the same in comparison with AUG with the C-wall.
However it was also found that the accessible operational space is limited to higher plasma density in AUG with the W-wall [21] . This is bound by W-accumulation in the core in plasmas with low plasmas density and in plasmas without central ECRH heating, and is not thought to be affected by pedestal physics. Nevertheless, as a consequence of the accessible parameter space in AUG, it has been difficult to obtain plasmas with a good dimensionless match between all three devices.
In this paper experiments are presented to test the dimensionless models for pedestal width scaling Δ r/a ҃ ρ * and Δ ȥ ҃ β p experiments for each of the devices. In this paper Section II presents the experimental conditions and the specific high resolution pedestal diagnostics used in this study. In section III the dimensionless scaling experiment is described. In section IV it is shown that machine size scaling of the temperature pedestal width is valid for a variation in ρ * by a factor of four and thus Δ/a ӆ ρ * . Section V then follows to show that the experiments presented here are not inconsistent with Δ ȥ ҃ β p 1/2 , the assumed width dependence in EPED1. This section also shows the pedestal height predictive capability of EPED1 for a subset of the experimental data in this paper. The paper finishes with conclusions and recommendations in section VI. [31] measures T e and n e across a horizontal chord close the magnetic axis of the plasmas presented here. To increase the coverage of the JET measurement points in the pedestal, again small radial sweeps of the plasma by one scattering-volume width are applied. For all three devices, data are accumulated from the last 20%-30% of the ELM cycle for many ELMs, e.g. [19, 32] . A composite profile in normalized-flux space is then built from the many ELM cycles by mapping the profile at a specific time-point onto the flux surface geometry of the MHD equilibrium. Figure 1 shows example profiles for the three devices.
II. Experimental methods and analysis
For JET and DIII-D, the pedestal parameters are determined by fitting to a modified hyperbolic tangent function (mtanh) [23] in the edge region (typically from normalized poloidal flux = 0.7 and outwards). For AUG, the mtanh approach leads to a relatively large data scatter. For this reason the AUG pedestal profiles are fitted with a piecewise linear fit which on average produces similar results to the mtanh fits but with a reduced scatter [33] . onwards from an instrument kernel with a Full-Width Half-Maximum FWHM kernel ~ 22 mm down to 11mm as is shown in Figure 2 for two similar high triangularity JET plasmas Ip=2.5MA, Bt=2.7T, δ=0.42, PNBI=15MW and low gas fuelling. In this paper data from both periods are used and especially for the older data a deconvolution of the JET pedestal profiles from the instrument kernel is required [34] . The applied deconvolution procedure leads to consistent results between the two sets of data in Figure 2 . The deconvolution from the 22mm wide instrument kernel has a significant effect on both the derived temperature pedestal width and position, demonstrating that this procedure is essential in determining the T e profile structure. In a previous paper, [35] , the deconvolution procedure underestimated both the solid angle of view and the effect of the angle of the field lines with respect to the laser path. As a result the width of the instrument kernel was underestimated. In addition, it has since been discovered that the data used in [35] do not have accurate calibration factors for the electron temperature in the pedestal foot leading to an underestimation of T e there.
Unfortunately the calibration of this data cannot be recovered. This only affects plasmas with a low triangularity because of the relative position of the plasma edge with the HRTS line of sight in these plasmas. These deficiencies have been corrected in the present paper, and only data obtained in high triangularity plasma have been used for JET. In the determination of the JET pedestal width in [35] in turned out that both instrumental effects cancel out, and the qualitative conclusions in [35] are still valid and are in agreement with the results presented here.
The pedestal structure and its stability are set by both the electron and ion temperature and density. In this paper however, the pedestal structure is obtained from electron kinetic measurements only and it is assumed that the ion pedestal structure is the same as for the electrons. The authors realise the potential shortcoming of this assumption, and a separate T i study is the topic of future work. III.Dimensionless ρ ρ ρ ρ * scaling experiment.
In the dimensionless scan, the normalised gyroradius ρ * , normalised pressure ȕ p , ped , and collisionality Ȟ e * are defined as:
Where m is the atomic mass, z the atomic charge of the main ions and Ȝ e,e § 2.245x10 18 T e 2 (eV) /n e (m -3 ), e.g. [36] . In order to achieve a dimensionless identity, all dimensionless parameters at the pedestal top as well as the safety factor q 95 are held fixed and the density, temperature, and plasma current scale with minor radius and toroidal field as n ped ~0.0022 to ~0.0093. Through the ρ * variation, β p,ped was kept within a factor of two, while ν e * , which is highly sensitive to T e , n e and q 95 , was matched only to within a factor of three.
The q 95 disagreement was caused by the shape mismatch resulting in about a 10% variation.
In addition the ratio T i /T e was well matched at the identity point for the two devices at T i /T e §1.1 but increased steadily from T i /T e §1.0 at the lowest to T i /T e §1.35 at the highest ρ * .
IV. Test of the ρ ρ ρ ρ* pedestal width scaling and the role of atomic physics.
The scaling of the temperature and density pedestal widths with ρ * are studied in this section.
First examples are given of T e and n e profiles for two plasmas with a dimensionless match in width and the relative variation in the T e and n e pedestal position suggest a possible role of atomic physics in setting the density pedestal structure. In the neutral penetration model [22, 37, 38] the density pedestal width is defined as |R top.ne -R sep , Te | , as given in Figure (4d corroborating evidence that the temperature pedestal width does not scale with ρ * whereas the density pedestal width shows an altogether more complex dynamics for which an explanation may be found through the role of neutral penetration.
The AUG experiment on the ρ * scaling of the pedestal width is ongoing and no data can yet be presented here. So far, no dimensionless match has been obtained between AUG and the other two devises. The AUG metal wall introduces boundary conditions under which simultaneous operation at low plasma density and thermal β N~1 .5, as used in the experiment in the other devices, has not been possible without increased density peaking and/or impurity accumulation. The accessible parameter range on JET with the carbon wall would have allowed operation at elevated plasma density and increased β N~2 in order to obtain the match in dimensionless parameters with AUG while maintaining good type I ELMy H-mode conditions. However with the current Be/W JET wall material, the accessible parameter range needs to be investigated first before further dimensionless scaling experiments can be conducted.
For AUG an attempt has been made to get a first indication of the ρ * -dependence of the pedestal width. The dataset used here is well described in [30] ,reanalysed with the linear fit method [33] , and contains a power scan at q 95~ 4.8 and δ=0.23. It is important to note that this experiment describes a power scan from P NET =6.5-13.5MW and is not a dimensionless experiment as the collisionality varies as 0.9>ν e *>0.05 and is correlated to 0.3<β p,ped <0.7 through β∼nxT vs ν~n e /T e 2 (at relatively fixed n e =6x10 19 m -3 in the scan). 
V. Predictive pedestal model EPED1 and β β β β p scaling of the pedestal width
EPED1 is a predictive pedestal model [28, 29] Figure 9 (b). JET is also able to measure high field side electron temperature with its ECE radiometer system in O-mode for a limited range in magnetic field [41] which will be exploited.
The data presented in this paper are consistent with the EPED1 pedestal width assumption Δ ψ ҃ ¥β p,ped . Next, the model has been run on a representative subset of the data discussed to test its predictive capability. EPED1 uses simplified equilibria and only B T , I P , R, a, κ, δ, and Figure 12 shows the good agreement between the predicted pedestal height by EPED1 and the experimentally found pedestal height (2xp e,ped ).
VI conclusions
The The density profile dynamics appear complex and cannot be fully explained by the models addressed in this paper. A possible role of neutral fuelling may be present and needs thorough future investigation. It is clear however that the T e and n e pedestal behave differently and both their relative position variation as well as the observed weak positive density pedestal width variation with ρ * will affect the pedestal MHD stability. It is therefore important that future predictive pedestal models include such independent T e and n e pedestal variations to test their influence on predictions towards ITER. ITER will operate both at higher density and lower ρ * compared to the devices discussed here. According to the study performed here both of these would lead to the density pedestal further out compared to the temperature pedestal. The (de-)stabilising effect and effect on the pedestal height prediction of such a variation is under investigation.
The underlying width dependence in EPED1, Δ ȥ ҃ ¥β p,ped , has been tested against pedestal width measurements from three experiments on respectively DIII-D, AUG and JET.
On the latter two devices it has been observed that the scaling of (Δ ψ ne +Δ The DIII-D comparisons cover a sufficiently wide coverage to decouple the link between flux expansion and Δ ȥ ҃¥β p,ped . However, here is it is recommended that more coverage is provided for low and high β p,ped , exploiting the planned upgrade in the DIII-D Thomson scattering system providing improved signal to noise and higher spatial resolution. Also, the EPED1 model predicts an overall pedestal width in flux space, it does not separately predict the density and temperature widths, or the displacement between the density and temperature profiles. In the future, it is of interest to extend models to include more detailed source and transport physics to further elucidate the full complexity of the observations. 
